Both spatial and temporal selection require focused attention. The authors examine how temporal attention affects spatial selection. In a dual-task rapid serial visual presentation paradigm, temporal selection of a target (Tl) impairs processing of a second target (T2) that follows Tl within 500 ms. This process is the attentional blink (AB). To test the effects of withdrawing temporal attention, the authors measured concurrent distractor interference on T2 when the distractors were presented during and outside of the AB. Perceptual interference was manipulated by the similarity in color between T2 and concurrent distractors, and response interference was manipulated by the flanker congruency task. Results showed that perceptual interference was larger during the AB. Response interference also increased during the AB, but only when perceptual interference was high. The authors conclude that temporal selection and spatial selection rely on a common attentional process.
The human visual system is limited in how much information it can process. The limitation occurs along two dimensions: space and time. First, multiple, simultaneous visual inputs cannot be processed all at once. A subset of the inputs must be prioritized and selected over others to gain further perceptual and cognitive processing. This process concerns the spatial limitations of visual attention. Second, rapidly presented serial input cannot be processed at high rates. When some segments of the series are processed, others have to wait. This process concerns the temporal limitations of visual attention. The current study asks how limitations in temporal attention affect spatial selection of a target appearing among flanking distractors.
Spatial Selection
Spatial selection is required when multiple items are presented simultaneously and an action must be made to a subset of the input (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1973; Luck, Girelli, McDermott, & Ford, 1998; Motter, 1993) . Under such conditions, features of different items may incorrectly combine to produce illusory conjunctions (Treisman & Schmidt, 1982) . Attention must be focused on the location of the target so that its features can be correctly bound together (Treisman & Gelade, 1980) . Imperfect spatial selection increases the susceptibility to distractor interference. The efficiency of spatial selection is limited by visual acuity and the resolution of spatial attention, which cannot be applied to individual locations when items are too close together (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1972 , 1973 He, Cavanagh, & Intrilligator, 1996 .
There are different types of distractor interference, occurring at various stages of target processing. For example, target perception may be impaired because attention fails to filter out the distractors (Kahneman & Treisman, 1984) or because the distractors perceptually degrade the target representation (Wolford, 1975) . Response selection of the target may also be impaired if the response codes of the target and distractors are incompatible. Distractors that affect the perception and identification of the target produce perceptual interference; those that affect response selection produce response interference (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1973) .
The two types of interference are closely linked. Imperfect filtering at the perceptual identification stage may allow more distractors into the response-selection stage. An increase of distractors into the response-selection stage can potentially increase response interference. For example, response compatibility effects are larger when the distance between the target and distractors is shorter (Eriksen & Eriksen, 1974) . Perceptual and response interference are also separable. Perceptual interference can be observed in the absence of response interference. Likewise, response interference is observable even after controlling for perceptual variables such as feature similarity and spatial separation (Eriksen & Eriksen, 1974) . Different attentional subsystems may be involved in coping with perceptual and response interference. Dual-task studies that emphasize response speed have shown that whereas perceptual processing of two tasks can be carried out simultaneously, response selection for the two tasks must proceed sequentially (Pashler, 1994) . Conversely, when stimuli are presented very briefly and response speed is not emphasized, the perception of the two tasks compete with each other, whereas response selection may proceed without mutual interference (Pashler, 1989) .
In sum, spatial attention is needed to select a target from flanking distractors. Imperfect selection results in distractor interference, which can occur at a perceptual level and/or a responseselection level. The two types of distractor interference may rely on different subsystems of attention, although they may not be completely separable.
Temporal Selection
Temporal attention is required for selecting a target appearing among multiple items that are presented at the same location but in rapid succession. Studies using rapid serial visual presentation (RSVP) have shown that temporal selection for a single target can proceed at a rapid pace (e.g., 100 ms/item; Lawrence, 1971; Potter, 1975; Sperling, Budiansky, Spivak, & Johnson, 1971) . However, when two targets in the series are to be identified, temporal selection of the second target (T2) is impaired if it follows the first one (Tl) within 100 to 500 ms. Raymond, Shapiro, and Arnell (1992) termed this impairment the attentional blink (AB; Broadbent & Broadbent, 1987; Chun & Potter, 1995; Duncan, Ward, & Shapiro, 1994; Jolicoeur, 1998; Luck, Vogel, & Shapiro, 1996; Raymond et al., 1992; Seiffert & Di Lollo, 1997; Weichselgartner & Sperling, 1987) . The impairment on T2 is produced by the attentional demand of Tl, rather than sensory masking. The presence of Tl is insufficient to cause an AB unless it is attended for later report. In Raymond et al.'s RSVP study, for example, observers identified a white Tl letter among black distractors and then detected whether a black X was present or absent. Tl processing led to an AB on T2. Interestingly, the same stimulus presentation did not cause an AB when observers were asked to ignore Tl. Thus, the blink of T2 is attentional, not sensory.
Spatial Selection and Temporal Selection
As a complex system, visual attention has a variety of forms, each has distinctive characteristics (Parasuraman & Davies, 1984) . Given the complexity of visual attention, it is important to understand the relationship between attentional mechanisms for spatial and temporal selection. In particular, how does the sticky nature of temporal attention affect spatial selection and vice versa?
The AB paradigm is ideal for studying the relationship between spatial and temporal attention. In this paradigm, T2 performance improves systematically as the temporal interval between Tl and T2 increases. Temporal attention can be measured by the temporal lag function. Spatial selection can be measured by the extent of concurrent distractor interference in either the Tl or the T2 task. One can study how spatial attention influences temporal selection by presenting distractors in the Tl task and measuring the effect of Tl distractors on T2 performance across different temporal lags. Conversely, one can study how temporal attention affects spatial selection by presenting distractors in the T2 task and measuring T2 distractor interference as a function of T1-T2 temporal lag.
To test the effect of spatial attention on temporal selection, Marois, Chun, and Gore (2000) varied the spatial distance between the Tl target and its flanking distractors (Eriksen & Eriksen, 1974) . Flankers were placed within 1° visual angle on both sides of the Tl target in the high-interference condition and further away from the Tl target in the low-interference condition. Larger AB was obtained in the high-compared with the low-interference condition, suggesting that the difficulty of spatial selection in Tl influences subsequent temporal selection.
In this study, we investigate the other side of the issue: How does temporal attention influence spatial selection? To find out, we placed distractors in the T2 display and varied the temporal interval between Tl and T2. We then measured the interference by concurrent T2 distractors as a function of the lag between Tl and T2. If temporal selection of Tl interacted with spatial selection of T2, observers' susceptibility to distractor interference should vary across lags.
Past studies of the AB have typically tested T2 performance in the absence of concurrent distractors. One notable exception is a study by Joseph, Chun, and Nakayama (1997) , which used a visual search task as the T2 task. The T2 target was a uniquely oriented gabor patch presented among distractors of a different orientation. Such displays supported very efficient search ("pop-out") when performed alone but suffered from the AB when presented shortly after Tl. Thus, the attentional demands of processing Tl impaired feature search, suggesting that attention is required to explicitly perceive preattentive features, contrary to commonly accepted notions that basic visual features such as orientation can be fully perceived without attention (Braun & Sagi, 1990 , 1991 .
Nevertheless, Joseph et al.'s (1997) study did not systematically manipulate distractor interference in the T2 task. Hence, it does not reveal the effects of the AB on the spatial selection of T2. Orientation identification may suffer from the AB even when presented in isolation. So, we cannot determine from this study whether it is spatial selection, rather than target identification, that is impaired under AB.
Current Experimental Design
We conducted three experiments to test how spatial selection is affected by the temporal availability of attention, manipulated with the AB task. In all three experiments, the T2 target was accompanied by simultaneous, flanking distractors. We measured distractor interference in the T2 task by comparing two conditions. In Experiment 1, interference was produced by an abrupt onset (Yantis & Jonides, 1984) , and we assessed this interference by comparing the onset present with the onset absent conditions. In Experiment 2, we measured perceptual interference by comparing onset distractors that had the same color as the target with those that had different colors from the target. In Experiment 3, we tested both perceptual and response interference. As in Experiment 2, we measured perceptual interference by color similarity. We measured response interference by comparing the effects of distractors that were compatible with the target response with distractors that were incompatible, a commonly used paradigm known as the flanker test (Eriksen & Eriksen, 1974) . These experiments reveal how spatial selection is affected by temporal attention. In addition, comparing different types of distractor interference (e.g., perceptual vs. response interference) allowed us to assess whether temporal attention similarly affects different types of spatial selection.
In all three experiments, we presented the spatial selection task as T2 in an RSVP stream of letters. The Tl task involved identifying a uniquely colored letter. We manipulated the temporal lag between the two tasks to be either short or long. In the short-lag condition, we presented T2 at the second frame after Tl with a stimulus onset asynchrony (SOA) between Tl and T2 of about 200 ms. In the long-lag condition, we presented T2 at the sixth frame after Tl with an SOA of about 600 ms. These two lags were selected on the basis of temporal parameters used by previous studies of the AB (see a review by Visser, Bischof, & Di Lollo, 1999) . Although previous studies differ from one another in T2 performance at Lag 1 (e.g., contrast Potter, 1995, and Joseph et al., 1997 ; for further discussion, see also Chun & Potter, in press; Breitmeyer, Ehrenstein, Pritchard, Hiscock, & Crisan, 1999; Visser et al., 1999) , they are consistent in finding a robust blink at Lag 2 and a diminished blink at longer lags. With the exception of Lag 1, performance improves gradually and systematically from shorter to longer lags in essentially all studies of AB. So, we decided that it would be unnecessary to test T1-T2 lags other than the two extremes.
Models of AB: Predictions
Several theoretical models have been proposed to explain the AB (Chun & Potter, 1995; Jolicoeur, 1998 Jolicoeur, , 1999 Raymond et al., 1992; Shapiro, Raymond, & Arnell, 1994; Ward, Duncan, & Shapiro, 1996) . We consider four models: the visual short-term memory (VSTM) confusion model , the two-stage model (Chun, 1997a (Chun, , 1997b Chun & Potter, 1995) , the attentional dwell-time model (Ward et al., 1996) , and the central interference model (Arnell & Jolicoeur, 1999; Jolicoeur, 1998 Jolicoeur, , 1999 .
In the VSTM confusion model , items that fit the selection templates will enter VSTM. These include the two targets, which fit the templates, and the items immediately following the targets, which are similar to the targets in temporal proximity and may share features with the targets. For targets to be successfully reported, they have to compete for retrieval from VSTM. The more similar the four items are, the larger the competition. At short T1-T2 lags (e.g., Lags 2 to 4), all four items interfere with one another for retrieval. As the first task, Tl has the highest weighting for retrieval. Its processing is therefore intact, at the cost of impaired T2 processing. At long T1-T2 lags (e.g., Lags 6 and above), less competition in VSTM occurs because the trace of Tl and Tl + 1 has decayed or Tl has already been recognized and flushed out from VSTM, explaining the performance improvement of T2.
According to our interpretations of this model, when distractors are presented on the T2 display, they produce interference. T2 distractors have a larger chance to enter VSTM if they are perceptually more similar to the T2 target. In the short-lag condition, because competition in VSTM is already intensive, the additional burden of perceptual interference will be especially detrimental. In the long-lag condition, the number of items in VSTM is reduced, leaving more capacity to resolve competition created by the T2 distractors. This model predicts an interaction between temporal lag and perceptual interference, with larger perceptual interference at shorter temporal lags.
The two-stage model makes the same prediction for different reasons. According to the two-stage model (Chun, 1997a (Chun, , 1997b Chun & Potter, 1995, in press; Potter, Chun, Banks, & Muckenhoupt, 1998) , all rapidly presented items are processed through a high-capacity first stage. A short-lived conceptual representation is constructed in this stage (Potter, 1993) but is subject to rapid forgetting or erasure in the presence of interference from subsequent items (Giesbrecht & Di Lollo, 1998) . For a target to be reported, it has to be selected for further processing and consolidation in the second stage. Consolidation refers to the process of transforming the representation of a target from a transient, vulnerable format into a durable code. Without Stage 2 attentional processing, the representation of items cannot be reported. The second stage is capacity limited and slow. When T2 is presented while Tl is still processed in Stage 2, the Stage 2 processing of T2 is delayed. The longer the delay, the more likely T2 will be lost or erased by subsequent visual events. The AB impairment arises during short intervals of Tl and T2 because the second stage is still occupied by Tl.
In the two-stage model, the AB impairment occurs at a postperceptual level. The conceptual aspects of T2 are processed, although they may not enter VSTM for explicit report (Luck et al., 1996; Maki, Frigen, & Paulson, 1997; Potter, 1993; Shapiro, Driver, Ward, & Sorensen, 1997; Vogel, Luck, & Shapiro, 1998) . The perceptual processing of T2 should also survive the AB because it occurs prior to consolidation (see Vogel et al., 1998 , for unimpaired sensory processing of T2). However, in presence of distractors, perceptual similarity increases interference and the likelihood of illusory conjunctions between T2 and its neighboring distractors (Chun, 1997a; Prinzmetal, 1981; Raymond et al., 1992) . Indeed, illusory conjunctions are increased during the AB (Chun, 1997a) . Central attention, the Stage 2 processor, is needed to individuate T2 and reduce binding errors (Chun, 1997a (Chun, , 1997b Treisman, 1999) . Because the Stage 2 processor is tied up by Tl in short lags, individuation of the T2 item becomes more difficult. Perceptual selection should therefore be impaired under the AB.
A similar two-stage processing is hypothesized in the attentional dwell-time model (Duncan et al., 1994; Ward et al., 1996) , which also postulates a capacity-limited second stage. Unlike the twostage model, the dwell-time model conceptualizes attention as resources rather than a bottleneck. However, the role of attention (be it resources or a bottleneck) is similar in these two models. Thus, the attentional dwell-time model similarly predicts that perceptual interference should be larger in the short-compared with the long-lag condition.
Finally, the central interference model (Jolicoeur, 1998 (Jolicoeur, , 1999 proposes that the AB is due to the postponement of short-term consolidation (STC) of T2 at short lags. The STC process is severely capacity limited. It shares limited resources with many cognitive operations that require central processing, such as response selection, short-term consolidation, mental rotation, and retrieval from long-term memory. Only one such operation can be performed at any given time. Just like the two-stage model and the other models of AB, the central interference model predicts larger perceptual interference at shorter lags because the central processor is required for target consolidation, which in turn calls for individuation of the target. Perceptual interference increases the potential of binding errors between T2 and its distractors, so central resources are needed to resolve the binding errors. Hence, this model predicts larger perceptual interference during AB.
Except for the central interference model, these models imply that the AB impairment occurs prior to response selection. The dwell-time model is most explicit in this respect. Ward et al. (1996) directly tested the size of the blink as a function of the number of response alternatives in Tl. They found no effect of Tl response complexity on the AB when the Tl task was unspeeded. In contrast, the central interference model specifies that in speeded tasks, central resources required in response selection compete with T2 consolidation (Jolicoeur, 1998 (Jolicoeur, , 1999 . In unspeeded tasks, however, response selection is carried out offline and thus does not compete with T2 processing.
Thus, all models appear to predict independence between response selection and the AB in unspeeded tasks. However, note that response and perceptual interference may not be completely separable. Increased perceptual interference allows more distractors to slip into further processing, and in cases when the distractors are incompatible with T2 in their response codes, larger response interference is produced. Even if response interference is carried out offline and does not compete with T2 consolidation, response interference may increase during the AB because of failure in perceptual selection.
In summary, although there have not been any empirical studies that test how temporal attention affects spatial selection, prominent theories of the AB all predict increased perceptual interference at short T1-T2 lags. In addition, they all predict that response interference will not be directly affected by the lag manipulation in unspeeded RSVP tasks, although perceptual selection may mediate the relation between response selection and AB. Our study aims to provide empirical evidence to reveal the influence of temporal attention on spatial selection. Because the vast majority of AB studies are unspeeded, we have restricted our investigation to unspeeded RSVP tasks.
Experiment 1
We used the AB paradigm in this experiment. Observers identified a green Tl letter and a white T2 letter presented at designated locations. These targets were embedded in two RSVP streams of black letters presented side by side at 9.5 items/s. We used two intervals between Tl and T2. In the short-lag condition, T2 was the second item after Tl with an SO A of 210 ms separating Tl and T2. In the long-lag condition, T2 was the sixth item after Tl with an SOA of 630 ms.
The critical distractor used in this experiment was an abrupt onset. The onset distractor was present concurrently with T2 on distractor trials but was absent on no-distractor trials. Abrupt onset items are effective distractors because Yantis and Jonides (1984) found that sudden onsets captured attention.
If temporal attention manipulated in the AB and spatial attention tested in the abrupt onset task are completely independent, the interference produced by the abrupt onset should be equivalent at the short and the long lags. In contrast, if temporal and spatial attention share common mechanisms, reduced temporal attention in the short-lag condition should impair the efficiency of spatial selection. In this case, there should be larger interference by the onset distractor in the short-lag than the long-lag condition.
Method Participants
Seventeen Yale University students participated in this experiment for pay. All had normal color vision and normal or corrected-to-normal visual acuity.
Materials and Procedure
Each observer was tested in one dual-task and two single-task sessions in randomized order.
Dual task. Two RSVP streams of uppercase letters were presented side by side next to the fixation. The locations of the two streams were 0.92 cm to the left and right of the center, respectively. Each stream contained 22 letters, and all but one were black. The unique letter was green in one stream and white in the other. The green letter (Tl target) was always presented before the white letter (T2 target). The serial position of Tl was randomly chosen from the 6th to the 10th frame. The SOA between Tl and T2 was either 210 ms (short lag) or 630 ms (long lag). The RSVP items were presented at a rate of 105 ms per item (i.e., 9.5 items/s) with no blank interval between frames. The presentation of the two RSVP streams was synchronized. The location of Tl was randomly chosen on each trial, and T2 always appeared in the opposite stream.
In the distractor condition, a white letter was presented either above or below the two RSVP streams simultaneously with the T2 target, at either the 12 or the 6 o'clock location. The onset distractor and the center of the two RSVP streams fell on the corner of an imaginary equilateral triangle. The onset item lasted one frame of presentation (105 ms) in the distractor condition and was absent in the no-distractor condition.
The font of the letters was Times with a point size of 32 (0.7 cm X 0.9 cm). The letters were randomly chosen from the English alphabet, excluding /. The two series of RSVP streams were separately generated. Each stream contained 22 nonrepeated letters presented in random order. The onset distractor, when presented, was always different from the T2 target. Figure 1 shows a sample trial. Observers pressed the space bar to initiate each trial. Two diamond-shaped placeholders were presented 0.92 cm to the left and right of the center of the screen. These placeholders were presented for 200 ms and erased. Another 200 ms later, the two RSVP streams of letters commenced. At the end of the RSVP presentation, the screen was erased, and a tone signaled the computer's readiness to accept responses. Observers typed in two letters, Tl and T2, in order. They were given sound feedback concerning their accuracy immediately after they typed in both keys. Correct Tl response was followed by two consecutive rising tones (50 ms each) and correct T2 response by a single high-pitched tone (50 ms).
Observers received 20 practice trials and 160 experimental trials. These trials were divided equally into two lags (short vs. long), crossed with two levels of interference (distractor vs. no distractor). Trials were presented in a random sequence.
Single-task control sessions. In addition to the dual-task session, observers were tested in two single-task control sessions. In the Tl-ignored control session, the stimuli sequences were identical to the dual-task condition, but observers made a response only to T2. This process was designed to replicate Raymond et al.'s (1992) finding that the AB was eliminated when Tl was ignored. However, a previous study using a similar paradigm to ours observed reduced but significant AB even when Tl was ignored (Chun, 1997a) . We address this minor discrepancy between Raymond et al. and Chun in the discussion section. Given the results from Chun, we expected a small AB effect in the Tl-ignored session. To make sure that such residual AB was not produced by events other than Tl, we included a second control session called the Tl-absent session. In this session, Tl was colored black, just like the rest of the distractors. The AB should be completely abolished in this task.
In each control session, observers performed 10 practice trials and 80 experimental trials. The experimental trials were divided in the same way as in the dual task.
Apparatus
The experiment was conducted on a Macintosh computer with a 17-inch screen. It was programmed with MacProbe software (Hunt, 1994) . The background of the computer screen was gray. Observers were tested Figure 1 . Sequence of presentation in the dual-task condition of Experiment 1. Each frame was presented for 105 ms and was immediately followed by the next frame. Observers reported the green letter (first target; Tl) and the white letter (second target; T2); each appeared in a separate horizontal location.
individually in a room with normal interior lighting. The unrestricted viewing distance was about 57 cm, at which distance 1 cm corresponds to 1° visual angle.
Dependent Measure: loglp'(correct)]
Just like other AB studies, the performance of the observers is measured in percentage correct. In dual-task conditions in which observers identify both Tl and T2, the conditional probability of p(T2 correct|Tl correct) is of central interest. In-single tasks when observers report only T2, the percentage correct on T2, p(T2), is the main measure. We report these values in a table after each experiment.
A significant novel aspect of our dependent measure is that we adjusted p(correct) for chance (p ->/>',// = [{p -chance)/(l -chance)]) and then performed a log 10 transformation on it.
1 We subsequently tested the additivity of lag and spatial interference using log[/>'(correct)] as the index. The logic is as follows: Suppose X and Y are two sequential events and p(X) and p(Y) are the corresponding probability of success in each event. The probability of success after the occurrence of X and Y, p(XY), equals [p(X) X p(Y}] only when X and Y are independent. Thus, two independent events show multiplicativity in percentage correct but show additivity in RT (see Schweickert, 1985 , for mathematical proof and empirical discussions). It follows that the log transformation on p(X) and p(Y) should be additive if X and Y are independent. Replacing X with spatial interference and Y with temporal attention, a significant interaction effect in analysis of variance (ANOVA) on log[/;'(correct)] would indicate a violation of independence between spatial and temporal selection. Results based on log(/> : ) are reported in separate figures following each experiment.
Results
Data from 1 observer were not included in this analysis because of ceiling performance in all conditions (better than 95%). The final analysis was based on the other 16 observers. The averaged Tl performance was 93% correct (SE = 1%) in the dual-task (see Table 1 ). Tl performance was not affected by lag or T2 distractor type (all ps > .24). We calculated p(T2|Tl) in the dual-task condition, and we calculated p(T2) in the two single-task conditions. Table 2 shows these measures as a function of lag and distractor condition. We then calculated log (p 1 ) for each condition and entered these values in ANOVA tests. Figure 2 shows the results of log(p') after adjusting for chance (4%).
Dual Task
Using log[/?'(T2|Tl)] as the dependent measure, we entered lag (short vs. long) and distractor type (onset distractor vs. no distrac-1 tor) into a repeated measures ANOVA. There were significant main effects of lag, F(l, 15) = 30.76, p < .0001, showing an AB effect; and distractor, F(l, 15) = 11.75, p < .004, showing impaired performance in presence of the onset distractor. The interaction was also significant, F(l, 15) = 11.31, p < .004, explained by larger distractor interference in the short-lag than the long-lag condition. Follow-up tests showed significant distractor interference at both lags (ps < .014), although it was stronger in the short-lag condition, as reflected by the interaction effect (p < .004). Thus, the amount of interference caused by an onset distractor was affected by the temporal lag between Tl and T2.
Tl-Ignored Control Session
In this session, we used log[p'(T2)] as the dependent measure. Although the Tl item did not receive an overt response, the lag effect was significant, F(l, 15) = 37.34, p < .001. So was the effect of distractor, F(l, 15) = 14.04, p < .002, and the interaction between lag and distractor, F(l, 15) = 7.94, p < .013, with larger interference in the short-lag condition. Follow-up tests showed significant distractor effects at both lags (ps < .04) and significant lag effects at both levels of distractor (ps < .021).
To find out whether responding to Tl modulated performance at all, we combined data from the dual-task session (using log[p'(T2|Tl)]) and the Tl-ignored session (using log[p'(T2)]) and (2) 94 (1) 94 (1) Experiment 2 93 (3) 91 (2) 92 (2) 93 (2) Note. Tl = first target.
included session (dual task vs. Tl ignored), lag, and distractor into an ANOVA test. Results showed significant main effects of session, F(l, 15) = 20.90, p < .0001; distractor, F(l, 15) = 17.71, p < .001; and lag, F(l, 15) = 37.41, p < .0001. In addition, there were significant interaction effects between session and distractor, F(l, 15) = 4.85, p < .044; session and lag, F(l, 15) = 23.44, p < .0001; distractor and lag, F(l, 15) = 14.37, p < .002. The three-way interaction was also significant, F(l, 15) = 5.98, p < .027. Therefore, when Tl was explicitly responded to, overall performance was worse, the distractor interference was larger, and the modulation of the AB on distractor interference was more significant.
Tl-Absent Control Task
Because the Tl item was colored black and all trials contained the same number of letters, the lag factor was reduced to a T2 serial position factor. T2 was closer to the end of the RSVP series in the long-lag than the short-lag condition. Log[p'(T2)] was not affected by lag, F(l, 15) = .02, ns, nor by the interaction between lag and distractor, F(l, 15) = 0.71, ns. Thus, lag no longer played a role after the defining feature of Tl was removed. The main effect of distractor was significant, F(l, 15) = 14.26, p < .002, which showed that observers were unable to completely ignore the onset distractor.
Discussion
In a dual-task AB paradigm, we found larger interference from an abrupt onset distractor in the short-lag than in the long-lag condition. Hence, tying up temporal attention with the Tl task produced an increase in onset distractor interference of the T2 task. This result confirms predictions from several models of AB. It shows that temporal attention influences spatial selection. When temporal attention is tied up by Tl during AB, selection of the T2 target becomes more difficult and is subject to larger spatial distractor interference.
In this interpretation, we have attributed the increased interference under the short lag condition to temporal selection of Tl. If the effect of Tl was attentional, why did we find a similar, although significantly subdued, pattern in the Tl-ignored control session, in which no explicit attentional demand to Tl was required?
The effect of lag in this control session is unlikely to be sensory. Recall that in Raymond et al.'s (1992) experiment, the presence of the white Tl did not cause an AB when it was ignored. This result establishes the general conclusion that the AB is not a sensory effect. Because our Tl task was similar to theirs, we think that the effect of Tl is unlikely to be sensory either. Rather, Tl seemed to produce attentional capture in the Tl-ignored control session. Although a unique color usually does not induce attentional capture, it clearly does so if observers are looking for a color singleton in their attentional control setting (Bacon & Egeth, 1994; Folk, Remington, & Johnston, 1992; Jonides & Yantis, 1988; Theeuwes, 1994) . Observers in our experiment were very likely to be looking for a unique color (T2). Because Tl was also unique in color, it fitted the template of the attentional control setting and thus produced attentional capture. A similar pattern (smaller, but significant AB) was observed in Chun's (1997a) Tl-ignored condition, in which both Tl and T2 were uniquely colored items. In contrast, a uniquely colored Tl did not capture attention in Raymond et al.'s (1992) experiments because T2 was defined by letter identity. This side finding suggests that an AB may be triggered when a stimulus captures attention involuntarily. However, the AB, and the side effect of AB on spatial selection were much larger in the dual-task session that required identification of Tl. Therefore, compared with the explicit requirement of encoding the identity of Tl, involuntary attentional capture exerted less demand on the limited resources responsible for the AB.
Returning to our main hypothesis, our results demonstrate that the attentional blink ties up attentional mechanisms needed for spatial selection. However, Experiment 1 also raises three questions. First, does the interaction between lag and T2 interference depend on the use of dual RSVP streams that involves a spatial shift of attention? Second, does attention have the same effect on perceptual and response interference? Third, can our results be explained in terms of a ceiling effect in the long-lag condition?
First, although we have attributed the short-lag impairment to the AB, the impairment may partly be produced by location switching between Tl and T2. Note that Tl and T2 were always presented in different streams. Once Tl was presented, there is no ambiguity in where T2 would be. Yet it may take some time to switch attention to different locations (Reeves & Sperling, 1986) . The deficit produced by the AB and by location switching are dissociable, and location switching may impose an extra cost at short lags (Breitmeyer et al., 1999; Visser et al., 1999 ). Our results demonstrate that reducing temporal attention leads to impaired spatial selection, but it is not clear whether the impairment was due to the AB or location switching. To solve this issue, our subsequent experiments used only single RSVP streams. The Tl and T2 target were always presented at the same location, and hence no location switching would be involved. Second, we have characterized the type of interference observed as abrupt onset interference. The exact nature of distractor interference in Experiment 1, however, is not clear. First, the interference effects could have been due to abrupt onsets or to the singleton or uniqueness property of the onset distractor (Theeuwes, 1994) . For our purposes, it suffices to demonstrate that one of these attributes led to interference in the target task and that the magnitude of interference depended on temporal attention. Second and more critically, it is not clear whether the interference operated at an early, perceptual stage or a late, response stage. Abrupt onset interference is likely to be perceptual. Yantis and Jonides (1984) theorized that an abrupt onset was a perceptual feature that could be encoded in parallel at an early stage of processing in the visual system. An onset distractor summons attention early in the visual search process. However, in our paradigm response interference is also a possible candidate because the distractor condition had one more letter. Thus, it is not clear from Experiment 1 whether attention was used to reduce perceptual interference, response interference, or both. In Experiment 2, we introduce a bettercontrolled perceptual interference paradigm, and in Experiment 3, we test both perceptual and response interference. These experiments address the second question.
The argument for ceiling effects is that performance in the long-lag condition may have hit the ceiling level. If we were to lower performance in the long-lag condition, we might have found a different pattern. This is an intrinsic problem with our lag manipulation: The baseline performance in the long-lag condition is always higher than that in the short-lag condition. Hence a scaling problem is involved in the design. We do not see an easy way to get around this problem. Nevertheless, if the interaction effect between distractor interference and lag was produced by baseline differences, we should observe such (scaling) interactions whenever a baseline difference is found. As we see in Experiment 3, this result is not always true. We return to this question in Experiment 3.
Experiment 2
To explore whether the AB affected perceptual or response interference, we used an interference paradigm that operates at the stage of perceptual selection. This paradigm was manipulated by varying the color similarity between the T2 target and distractors (Duncan & Humphreys, 1989) . Increased perceptual interference is expected when the target and distractors share the same color.
Only a single RSVP stream was used in this experiment, eliminating the potential confound of location switching. Tl was again a green letter presented among black sequence letters. T2 was a white letter in the RSVP stream. The T2 target was flanked by eight distractor letters. These nine items were positioned in an invisible 3X3 matrix. The T2 target was always at the center cell of the matrix. A sample of the T2 displays is shown in Figure 3 . There were two types of T2 distractors. In the same-color condition, all T2 distractors were white and thus had the same color as the T2 target. In the different-color condition, T2 distractors were black. Although response competition was present in both condi- Figure 3 . Sample second target (T2) displays used in Experiment 2. T2 target was the letter at the center. T2 distractors had either the same color (white) or different color (black) than the T2 target (white). tions because other letters were possible response candidates, we equated the number of competing response alternatives in the same-color and the different-color conditions. Thus, any difference between these two conditions can only be attributed to color similarity. Perceptual interference was measured by the difference between these two conditions.
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If the AB ties up attentional mechanisms important for spatial selection, perceptual interference should increase in the short-lag condition compared with the long-lag condition. Conversely, if different attentional mechanisms are involved in temporal and spatial selection, we should find comparable amounts of perceptual interference across the two lags.
Method
All methods and apparatus were identical to Experiment 1 except where noted.
Participants
Ten new Yale University students participated in this experiment for pay. All had normal color vision and normal or corrected-to-normal visual acuity.
Materials and Procedure
Each observer was tested in one dual-task and two single-task sessions in random order.
Dual task. A single RSVP stream of 19 capitalized letters (font: Helvetica with a point size of 32 subtending 0.7 cm X 1.0 cm) was presented at the center of fixation at a rate of 11 items/s. Except for the two targets, all centrally presented items were black. Tl was a green letter randomly positioned from the 6th to the 10th item in the series. T2 was a white letter. The SOA between Tl and T2 was either 187 ms (short lag) or 560 ms (long lag). Tl and T2 were always different letters.
Eight distractor letters appeared simultaneously with the T2 target, with identical onset and offset times. These distractors were positioned in an invisible 3X3 matrix that subtended 3 cm x 3 cm. The T2 target was always at the center of the matrix.
There were two types of T2 displays. Concurrent distractors were white in the same-color condition, and they were black in the different-color condition. Figure 3 shows a sample of the T2 displays.
Observers pressed the space bar to initiate each trial. A fixation point was presented for 533 ms, followed by the RSVP stream of letters. At the end of the RSVP presentation, a tone was sounded, and the observers typed in Tl and T2 in order. They were given sound feedback after their response. There were 10 practice and 160 experimental trials, which were divided equally into two lags crossed by two interference levels. Trials were presented in a random order.
Tl-ignored control session. Similar to Experiment 1, observers in this session saw identical displays as in the dual-task, but they were told to ignore the green Tl letter. They received 5 practice and 80 experimental trials.
Tl-absent control session. In this session, the Tl letter was colored black. Observers identified the white T2 letter. There were 5 practice and 80 experimental trials.
Results
The averaged Tl performance was 92% correct (SE = 2%) in the dual-task (see Table 1 ). Tl performance was not affected by lag or the color of T2 distractors (all ps > .44). Table 3 shows p(T2|Tl) in the dual task andp(T2) in the two single tasks. Figure  4 shows results based on log(p') after adjusting for chance (4%).
Dual Task
Using log[p'(T2|Tl)] as the dependent measure, an ANOVA test showed significant main effects of lag, F(l, 9) = 28.77, p < .0001; distractor interference, F(l, 9) = 21.41, p < .001; and a significant interaction between the two, F(l, 9) = 17.46, p < .002. Distractor interference was much larger in the short-than in the long-lag condition. Follow-up tests showed that the distractor effect was highly significant in the short-lag condition (p < .001) and marginally significant in the long-lag condition (p < .056). Thus, spatial selection was impaired during AB.
Tl-Ignored Control Session
A similar pattern emerged in the Tl-ignored control session. Using log[p'(T2)] as the dependent measure, the main effects of lag, F(l, 9) = 12.93, p < .006; distractor, F(l, 9) = 17.66, p < .002; and their interaction, F(l, 9) = 7.21, p < .025, were all significant. As discussed in Experiment 1, the small AB effect and its modulatory influence were probably a result of attentional capture by Tl.
Direct comparison between the dual-task and the Tl-ignored task showed that the AB effects were more dramatic in the dualtask session. All main effects and their interactions were significant: session, F(l, 9) = 19.56, p < .002; distractor, F(l, 9) = 19.82,/? < .002; lag, F(l, 9) = 25.73,p < .001; Task X Distractor, F(l, 9) = 13.83,/? < .005; Task X Lag, F(l, 9) = 17.54, p < .002; Distractor X Lag, F(l, 9) = 22.71, p < .001; three-way interaction, F(l, 9) = 6.23, p < .034. Just like Experiment 1, the dual-task session resulted in a larger overall AB, a larger distractor effect, and a more dramatic modulation of distractor interference during the AB. Thus, increasing the demands on temporal attention impaired spatial selection.
Tl-Absent Control Session
Was the increased interference in the short-lag condition caused by any unknown factors other than the green Tl letter in the above two sessions? The answer from the T2-only control session was no. Using log[//(T2)] as the dependent measure, we found a marginally significant distractor effect, F(l, 9) = 3.89, p < .08. However, the main effect of lag was not significant, F < 1, nor was the interaction between lag and distractor, F < 1.
Thus, the lag effect and the interaction between lag and distractor observed in the above two sessions had to be attributed to the effect of the Tl letter. We believe that the effect of Tl is more likely to be attentional rather than sensory because Tl captured attention during search for a second singleton target.
Discussion
In this experiment, we examined perceptual interference caused by varying color similarity between the T2 target and distractors. We found larger perceptual interference in the short-than in the long-lag condition. Thus, temporal selection and spatial selection share common attentional mechanisms. This result is consistent with any of several models of the AB (Chun & Potter, 1995; Jolicoeur, 1999; Ward et al, 1996) . The two-stage model, for example, proposes that temporal attention is involved in perceptual selection so that the target can be individuated and consolidated. Attention helps reduce binding errors of the target identity with distractor locations. Such Stage 2 processing takes time and is not available for the second target appearing at short lags (Chun & Potter, 1995) . Our results confirmed this prediction. Experiment 2 further demonstrated that spatial distractor interference was increased during the blink even when the target location was completely specified and no location switching was involved.
Experiment 3
Both onset distractor interference and similarity-based perceptual interference are increased under AB. Does temporal selection similarly affect response interference? Response interference occurs when perceptually identified inputs compete for response selection (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1973) . It increases as the number of response alternatives increases or as the incompatibility between responses increases (Pashler, 1994) . Previous studies of the AB suggest that unlike perceptual selection, response selection may be independent of AB. For example, Ward et al. (1996) found that the complexity of Tl response did not affect the size of the blink. Thus, whereas perceptual selection and temporal selection are interactive, response selection and temporal selection may proceed independently in unspeeded tasks. Nevertheless, response and perceptual selection are not completely separable. Failure of perceptual selection allows more responses associated with distractors to compete for response selection, thus increasing response interference (Eriksen & Eriksen, 1974) . So perceptual interference may mediate the relation between response selection and AB, making it hard to draw clear predictions.
To provide preliminary data on the relation between response selection and the AB, we manipulated the degree of response interference associated with distractors presented with T2 in this experiment. In addition, we also manipulated perceptual interference to study how the three factors affect one another. Thus the experiment involves a within-subject design of three factors: lag, perceptual interference, and response interference. We manipulated perceptual interference by varying color similarity between the T2 target and distractors, just like Experiment 2. We predict that perceptual interference will be larger in the short-than in the long-lag condition.
The Eriksen flanker task is adopted to vary response interference (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1973; Eriksen & Schultz, 1979) . In this task, a target letter was flanked by distractor letters at each side in a DDTDD format, as shown in Figure 5 . The task was to identify the central target and ignore the flanking distractors. What is critical in this task is how the target and distractor letters were mapped onto response keys. For instance, the target was one of four letters: P, S, U, or H. Two of the letters (e.g., P and U) were mapped onto the left key, and the other two (e.g., S and H) onto the right key. B. A. Eriksen and C. W. Eriksen (1974) found that if the target and the flanking distractors belonged to the same response category (e.g., the target was P and the distractors were Us), target identification was facilitated in this congruent condition compared with the neutral condition where the distractors were not mapped onto any response keys (e.g., the distractors were figure 8s). Conversely, when the target and distractors belonged to different response categories (e.g., the target was P and the distractors were 5s) in the incongruent condition, target identification was delayed. Thus, the congruent, neutral, and incongruent conditions tested in this experiment varied in targetflanker response compatibility.
Although the flanker effect can be modulated by perceptual similarity between the target and distractors (Eriksen & Eriksen, 1974) , it is observed even when perceptual similarity is fully controlled. Thus, C. W. Eriksen and colleagues proposed that the flanker interference effect occurs at a late response-selection stage (Eriksen & Eriksen, 1974; Eriksen & Hoffman, 1973; Eriksen & Schultz, 1979) . Both targets and distractors are activated and response categories are assigned to each item. The response mapping of the distractors affects the target response. A consistent response code facilitates the target response, whereas an inconsistent response code delays it. The flanker paradigm has been widely used to measure the impact of distractor interference (Lavie, 1995; Miller, 1991) . This experiment reveals how temporal attention affects perceptual and response interference.
Method
Sixteen naive Yale University students participated in this experiment. Each observer performed two tasks. First, they performed a speeded version of the flanker task alone. Then, they performed an unspeeded AB task. The purpose of the speeded flanker task was to familiarize observers with the response key mapping, and hence, it was always the first task. 
Speeded Flanker Task
Four letters (P, U, S, and H) were generated by deleting segments of a figure 8 (0.5 cm X 0.5 cm). Four identical distractors and the target were presented in a regularly spaced linear display, two distractors on each side of the target (see Figure 5) . The center-to-center distance between adjacent items was 0.78 cm. The display was presented briefly and erased. Observers were required to identify the central target letter by pressing one of two keys. The target was always white.
Two factors were manipulated: (a) perceptual interference and (b) response interference. The distractors were either the same color as the target or different; this process provided a manipulation of perceptual interference. Orthogonal to the color manipulation, the distractors were either congruent, neutral, or incongruent to the target response. In the neutral condition, the flankers were figure 8s. In the congruent condition, the flankers and the target were associated with the same response key, but they were never the same letter. In the incongruent condition, the flankers and the target were associated with different response keys. The response keys were located at the right side of the keyboard (the 1 and 2 keys on the number board) and were assigned as follows.
We used three possible letter combinations to assign the response keys. Six observers were assigned to mapping (a), 5 were assigned to mapping (b), and the other 5 were assigned to mapping (c). In mapping (a), the letters P and U were assigned to the left key; the letters S and H were assigned to the right key. In mapping (b), the letters P and S were assigned to the left key; the letters H and U were assigned to the right key. In mapping (c), the letters P and H were assigned to the left key, and the letters S and U were assigned to the right key. By using all three combinations of letter grouping, we controlled for unequal perceptual similarity among the four letters. Although the four letters were created so that they appeared equally similar to one another, there could nevertheless be differential perceptual similarity between any of the letter pairs (e.g., H may be more similar to P than U is to P). Using all three possible response mappings across different observers, we controlled for perceptual similarity between the congruent and incongruent conditions. The neutral condition always used the figure 8 as distractors.
Each trial started with a fixation point for 547 ms. Then the search display was presented for 107 ms and erased. Sound feedback was provided after each correct response. The next trial started 1,000 ms after the previous response. Each observer performed 12 practice trials and 96 experimental trials. Trial components were 96 = 2 Perceptual Interference (same color vs. different color) X 3 Response Interference (incongruent, neutral, or congruent) X 16 (cases). Observers were instructed to respond as quickly and as accurately as possible. Trial sequences were randomized.
Dual Task
Following the speeded RT task, each observer participated in the RSVP dual task. The second target (T2) was the same as the flanker task. The first target was a green letter. Distractor items in the RSVP sequence were light gray letters (gray value of 200 on a 0 to 255 gray scale). Tl was randomly positioned at serial positions 5 to 9. T2 was presented at either the second frame (short lag) or the sixth frame (long lag) after Tl. Several frames of distractor letters followed T2 so that a total of 19 frames were presented on each trial. Tl and other RSVP letters were randomly selected from the alphabet letters, excluding P, U, S, H, and /. Observers pressed the letter key to report the Tl letter and pressed the keys on the number keypad to report T2. The response mapping of the T2 task was preserved from the RT task.
Observers pressed the space bar to initiate each trial. After a fixation point of 447 ms, the RSVP stream was presented at a rate of 120 ms/item (107 ms frame presentation followed by 13 ms blank). A tone signaled the end of the trial and the computer's readiness to accept response input. Observers were instructed to respond as accurately as possible without worrying about their speed. Sound feedback on accuracy was provided (44) 95(1) 675 ms (45) immediately afterward. Each observer received 12 practice trials and 288 experimental trials. The trial components were 288 = 2 Lag (short lag vs. long lag) X 2 Perceptual Interference (same color vs. different color) X 3 Response Interference (incongruent, neutral, or congruent) X 24 (cases). Trial order was randomized.
Results
Flanker Task
Mean accuracy and RT are shown in Table 4 . Only correct trials with RT less than 2,000 ms were included in the RT measure. In the accuracy measure, we obtained a significant main effect of perceptual interference, F(l, 15) = 4.69, p < .047, showing lower accuracy when the distractors had the same color as the target. We also found a significant main effect of response interference, F(2, 14) = 4.02, p < .042. The interaction between perceptual interference and response interference was not significant, F(2, 14) = 1.98, p > . 17. Follow-up tests showed that the congruent condition was more accurate than the incongruent condition, F(l, 15) = 6.62, p < .021, and the neutral condition, F(l, 15) = 4.60, p < .049. The difference between the incongruent and the neutral conditions was not significant, F < 1.
The RT data gave us a marginally significant main effect of perceptual interference, F(l, 15) = 3.49, p < .081, a nonsignificant main effect of response interference, F < 1, and a nonsignificant interaction effect, F < 1.
Thus, we found evidence for perceptual interference and response interference when the T2 task was given alone. Response interference was significant in accuracy but not in RT. The trend of RT difference, however, conformed to the classic flanker effect: faster RT in the congruent condition and slower RT in the incongruent condition. The interference effects (perceptual and response) in RT were rather weak, though. A possible reason for such weak effects is because we had very few total trials (96). In addition, observers were not familiar with the arbitrary response mapping. This undoubtedly increased variability. Nevertheless, the significant differences in accuracy permit us to proceed with tests of response compatibility effects in the dual-task situation.
Dual Task (RSVP)
Mean accuracy of Tl report was 85% (SE = 3%). Table 5 shows Tl accuracy. When tested against lag, perceptual interference, and response interference, we found a significant main effect of lag on Tl performance, F(l, 15) = 5.75, p < .03, with lower Tl accuracy at the short-lag (M = 84%) than the long-lag condition (4) 83 (4) 83 (3) 89 (3) 85 (3) 86 (3) 84 (4) 87 (3) 82 (4) 85 (3) 83 (4) 88 (2) Note. Tl = first target.
(M = 86%). The main effect of T2 distractor color was marginally significant, F(l, 15) = 3.20, p < .094, with higher Tl accuracy when T2 distractors were white (M = 86%) rather than black (M = 84%). All other effects were not significant, all Fs < 1.80, ps > .20. The lag effect suggested that there was some competition between the two targets. In the short-lag condition, as T2 suffered from AB, Tl accuracy also dropped. This result was not found in Experiments 1 and 2. One likely explanation is that observers paid more attention to T2 in this experiment, possibly because they had commenced the experiment with a practice session on T2 alone. The impairment of Tl accuracy was quite small (2%), however. Note that accuracy of Tl was marginally higher when T2 distractors were white rather than black. However, this difference was not significant; it was not present in Experiment 2, and it does not appear to have any direct theoretical implications for the present hypotheses. We tested T2 accuracy for trials in which Tl was correctly reported. Table 6 shows p(T2|Tl). We performed ANOVA analysis by using log[p'(T2|Tl)] as the dependent measure. Figure 6 shows the results after correcting for chance (0.50) and transforming to log scales. For observers who performed below chance in some cells, p' was negative, and log(p') was invalid. This result occurred for 4 observers in a total of 5 instances (out of 96). Deleting these data would lead to a loss of four data files in repeated measures ANOVA tests. Instead, we replaced these cells with the closest above-chance performance in the corresponding conditions. Because all the effects involving subject group (i.e., letter response mapping combinations) were not significant (maximal F(4, 26) < 2.09, ps > .11), we pooled the results across this factor.
ANOVA tests on log[p'(T2|Tl)] revealed significant main effects of lag, F(l, 15) = 65.49, p < .0001, showing an AB effect; 
Perceptual Interference and AB
Let's first examine the effect of the AB on perceptual interference at each level of the response mapping. The most critical test was when the distractors were neutral because only at this level was the response effect completely parsed out. With neutral distractors, the main effect of distractor color was significant, F(l, 15) = 14.99, p < .002, and so was the interaction between lag and distractor color, F(l, 15) = 11.41, p < .004. Perceptual interference was increased during AB, consistent with findings from Experiments 1 and 2. Thus, the modulatory effect of the AB on perceptual interference was observable in absence of response interference.
When the distractors were incongruent with the T2 target, there were significant effects of distractor color, F(l, 15) = 31.91, p < .0001; and interaction between color and lag, F(l, 15) = 11.05, p < .005. Here, perceptual interference was increased under AB. In contrast, when the distractors were congruent, the main effect of distractor color was not significant, F(l, 15) = 1.34, p > .25, nor was the interaction between color and lag, F(l, 15) < \,ns. This difference could be explained by observers' tendency to occasionally respond on the basis of T2 distractors. Because T2 distractors were not efficiently masked, they might survive the AB better than the T2 target. Observers might misperceive the T2 distractors as the target, showing illusory conjunction between distractor identity and target location. They then responded to distractors. These responses would be correct when distractors were congruent but would be incorrect when distractors were incongruent. As a result, congruent and incongruent distractors contaminated the relation between perceptual interference and AB. Fortunately, the inclusion of the neutral distractors allows us to draw unambiguous conclusions. As shown earlier, perceptual interference was increased during the AB when the distractors were neutral, conforming to our prediction.
Response Interference and AB
When distractors had the same color as the T2 target, there was a significant main effect of response congruency, F(2, 14) = 17.66, p < .0001, and a significant interaction between response congruency and lag, F(2, 14) = 10.15, p < .002. Response interference was increased under AB. There was significant response interference under AB, F(2, 14) = 20.36, p < .0001, and reduced but significant response interference outside AB, F(2, 14) = 5.14, p < .021.
In contrast, when the distractors had different colors than T2, the main effect of response congruency was not significant, F(2, 14) < 1, nor was the interaction between response mapping and lag, F(2, 14) < 1. The estimated power of the test was 1.0 for congruency effect and 0.79 for the interaction effect. The null effects are consistent with the idea that in an unspeeded task, T2 response selection can be performed offline. The reduction of temporal attention during the AB did not influence response selection.
Clearly, the relation between response selection and temporal attention was mediated by perceptual interference. Response interference increased under the AB only when the distractors were perceptually similar to the target. This increase led to a significant interaction between perceptual and response interference (p < .002) and a significant three-way interaction between lag, perceptual, and response interference (p < .005). These interactions are explained by the fact that perceptual and response interference were not completely separable. Because perceptual interference was increased under AB, and increased perceptual interference led to increased response interference, response interference was increased under AB.
Discussion
We replicated our finding from Experiment 2 that perceptual interference was increased under AB. Response interference was also increased under AB, but only when the perceptual interference was high.
These results are consistent with several models of the AB that predicted an interaction between perceptual selection and temporal attention (Chun & Potter, 1995; Jolicoeur, 1999; Ward et al., 1996) . These models also predict that response interference should not be affected by the AB under unspeeded conditions. However, because impaired perceptual selection led to increased response interference (Baylis & Driver, 1992) , the AB may affect response interference indirectly. Namely, response interference is increased under the AB only when perceptual interference is high. Our results on response interference are consistent with these models.
Nevertheless, we note that our results do not rule out the possibility that temporal attention may directly influence response selection. Perhaps perceptual interference just exaggerated an effect that was there in the first place. The null result in the low perceptual-interference condition undermined the plausibility of this account, although converging evidence is needed to speak firmly on this issue.
The results from Experiment 3 also made it unlikely that the interaction between perceptual interference and temporal lag obtained here and in Experiment 2 was completely an artifact of scaling effects. As pointed out in Experiment 1, baseline performance was poorer in the short-lag than the long-lag condition. Hence, the larger perceptual interference found in the short-lag condition might be an artifact of a scaling effect. However, the scaling effect would predict an interaction between response interference and temporal lag in all conditions. This interaction did not happen. Although the same scaling issue existed for both perceptual and response interference, the impact of temporal lag on perceptual and response interference was not identical. So, an explanation based on scaling effects cannot fully account for our results.
General Discussion
We investigated how spatial selection is affected by temporal attention in an RSVP task. We used the AB paradigm to manipulate temporal attention. In the AB task, report of T2 is impaired when it appears at a short temporal lag after Tl. To examine spatial selection, we imposed flanking distractors on the T2 task. To examine how temporal attention affects spatial selection, we measured distractor interference on the T2 display when T2 was presented during the AB (short lag) or outside of the AB (long lag). Across three experiments, we found that perceptual interference was increased in the short-lag condition. Response interference was also affected by temporal lag, but only when the distractors were perceptually similar to the target. This result suggests that attentional mechanisms for perceptual selection over space interact with those for selection over time. Response selection may be independent of temporal selection, at least in the AB tasks that stress accuracy rather than response speed. This result explains why response interference was not affected by the AB when distractors were perceptually dissimilar to T2. Nevertheless, failure in perceptual selection allows distractors to intrude into response-selection processes. Perceptual interference thus mediates the relation between the AB and response interference.
The present results are consistent with evidence that spatial and temporal selection processes are interrelated. Marois et al. (2000) demonstrated that increased spatial interference (crowding) on Tl produced larger AB for T2. Thus, whereas the present study shows how temporal selection affects spatial selection, Marois et al. demonstrated how spatial selection affects temporal selection. Further evidence for a close link between temporal and perceptual selection was provided by neurophysiological data. Marois et al. (2000) used functional magnetic resonance imaging (fMRI) to demonstrate that manipulations of both temporal distractor interference (via the presence or absence of a Tl + 1 item) and spatial distractor interference (via target-distractor distance) recruited the same neural area in the parietal lobe (the intraparietal sulcus). Thus, psychophysical and neurophysiological evidence point to a common mechanism for spatial and temporal selection of target events.
The observed pattern of results is consistent with several models of AB: the VSTM confusion model , the two-stage model (Chun, 1997a (Chun, , 1997b Chun & Potter, 1995) , the attentional dwell-time model (Duncan et al., 1994; Ward et al., 1996) , and the central interference theory (Jolicoeur, 1998 (Jolicoeur, , 1999 . With the exception of the central interference theory, these models placed the AB prior to response selection. The central interference theory (Jolicoeur, 1999) postulates that response selection relies on the same limited-capacity central processor that is required for consolidation, but in unspeeded tasks, temporal selection may be separable from response selection because responses can be carried out offline.
Perceptual Load Theory
In the broader visual attention literature, researchers have observed that in selective attention tasks, interference from distractors decreases when the overall load of the task increases. For example, Kahneman and Chajczyk (1983) found that the Stroop effect caused by a conflicting distractor word was reduced to half when the display contained an additional neutral distractor. Lavie (1995) found that the flanker incongruency effect was reduced when the load of the task was increased by asking observers to perform a conjunction discrimination compared with a simple feature-discrimination task. To account for these findings, Lavie and Tsal (1994) proposed perceptual load theory. According to this theory, one cannot prevent spared attentional resources from spreading to distractors. When the load of a task is light, attentional resources are left unused and thus spread automatically to distractors. The distractors are then processed more thoroughly, producing larger interference.
At first glance, our results would be incompatible with perceptual load theory. The short-lag condition in the AB task may be considered as a high-load condition, whereas the long-lag condition can be considered as a low-load condition. Thus, attention should be more available to process T2 distractors in the long-lag condition. Applying the logic used in perceptual load theory, we should find larger distractor interference in the long-lag than in the short-lag condition. However, we observed the opposite pattern of results.
This apparent contradiction can be resolved by postulating different types of attentional load. In a modified version of perceptual load theory, Lavie (2000) proposed that attentional load may have opposite effects on distractor interference depending on the nature of the attentional load. Drawing on behavioral and neuropsychological work, Lavie distinguishes between passive, early (posterior) selection mechanisms and active, late control (anterior) processes (Posner & Petersen, 1990) . If load is imposed on active control processes such as those involved in working memory or task switching, the load impairs the cognitive system's ability to control selection. Thus, in high working-memory-load conditions, distractor interference may increase. On the other hand, if early perceptual load is increased, as when additional visual items are added to a display, fewer resources are available for distractors. Thus, in high perceptual-load conditions, distractor interference may decrease because they are simply not perceived, as postulated in the original perceptual load theory (Lavie, 1995; Lavie & Tsal, 1994) .
Whether our results are consistent with the revised perceptual load theory depends on how one characterizes the load imposed by AB. One may hypothesize that the AB engages active control processes on the basis of two considerations. First, although the AB is clearly modulated by perceptual factors, such as masking, all models posit that the AB is fundamentally caused by a bottleneck or capacity-limitation for working memory consolidation (Chun & Potter, 1995; Jolicoeur, 1998; Vogel et al., 1998) . Supporting this, event-related potential evidence suggests that mental processes important for working memory updating are impaired during the blink (Vogel et al., 1998) . In addition, fMRI revealed increased activation in lateral frontal areas (involved in working memory functions) as well as anterior cingulate cortex in several (but not all) AB task manipulations (Marois et al., 2000) . Second, the AB does not prevent perception of stimuli. Blinked events that do not reach awareness are nevertheless identified to the level of semantic meaning as indicated by ERP evidence (Luck et al., 1996; Vogel et al., 1998) and priming studies (Maki et al., 1997; Shapiro, Driver, et al., 1997) . According to Lavie's (2000) theory, early selection processes operate over presemantic representations, whereas anterior processes operate over perceived events.
Thus, characterizing the AB as an active control process leads to the straightforward prediction that distractor interference should increase during the blink. This prediction is exactly what we found. Our results can thus be interpreted to support revised perceptual load theory (Lavie, 2000) .
However, much more work is needed to characterize active control processes more precisely. It is likely that the active control system is not unitary but consists of multiple control functions (Lavie, 2000) . If the control system were unitary, we should have observed significant effects of the AB on response interference, even when perceptual interference was minimized (Experiment 3). The fact that we did not observe such direct interference suggests that the active control system is composed of several independent subsystems. Each executive control subsystem may draw on central resources and hence interfere with one another (Jolicoeur, 1998 (Jolicoeur, , 1999 , but competition between different control functions may be alleviated by configuring task processing demands to engage one subsystem (e.g., short-term memory consolidation) while delaying the other (e.g., response selection).
An important goal for future work will be to understand the anatomical loci of active control functions and to use such anatomical information to help dissociate different mechanisms. In doing so, we suggest that although it may be useful to roughly categorize active control functions as anterior and passive selection mechanisms as posterior, it is important to recognize that many important active control processes operate in posterior regions of the brain. Active shifting of attention and target tracking recruit superior parietal areas (Corbetta, Shulman, Miezin, & Petersen, 1995; Culham et al., 1998) , whereas resolving a target among distractors requires active selection processes in the intraparietal sulcus (Marois et al., 2000; Wojciulik & Kanwisher, 1999) . These active attentional control mechanisms may be distinguished from the passive selection mechanisms that also reside in posterior regions of the brain devoted to perceptual processing (e.g., Rees, Frith, & Lavie, 1997) . Hence, although manipulations of the AB have their strongest effect in a posterior area, the intraparietal sulcus (Marois et al., 2000) , this finding is still compatible with the notion that the AB engages active control processes, thus producing target selection deficits when engaged beyond their capacity.
Summary
In conclusion, we found that temporal selection and spatial selection interact. In particular, spatial selection was impaired when temporal attention was impaired by an AB task. The AB increases perceptual interference, and it increases response interference in presence of high perceptual interference. Our results support the view that perceptual selection requires attentional mechanisms used for temporal selection in attentional blink tasks, which may, under certain conditions, be independent of response selection.
